MicroRNAs (miRNAs) are the most abundant class of non-coding RNAs that regulate 12 expression of >60% genes and are frequently deregulated in many human diseases. 13
for miRNAs located in the intragenic and intergenic genomic context. Moreover, 'high 23 confidence' miRNAs (designated by miRBase) harbor less variation (the majority 24 contributed by rare variants) compared with the remaining miRNAs. We identify 279 25 miRNAs highly constrained with little or no variation in gnomAD. We further describe the 26 evolutionary conservation of miRNAs across 100 vertebrates and identify 434 highly 27 conserved miRNAs. We demonstrate that these constraint and conservation metrics 28 precursor-miRNA sequences, can interfere in the miRNA biogenesis pathway (Zeng 47 and Cullen 2003). However, there have been few systematic reports describing and 48 analyzing genetic sequence variation across miRNAs in large population datasets which 49 is imperative to fully understand the role of miRNA variation in human diseases. 50 51 Existing studies for miRNA sequence variation have been limited by small sample size 52 and small subsets of the human miRNAs assessed. An early study identified a total of 53 527 precursor miRNA variants by analyzing 720 miRNAs from the 1000 Genomes 54 Interpretation of noncoding sequence variants from large whole genome sequencing 62 studies has proved to be challenging due to lack of well-defined functional domains, 63 precise biological consequence predictions and poor understanding of sequence 64 constraint in large human reference datasets (Ritchie et al. 2014 
Results

98
Development of Annotative Database of miRNA Elements (ADmiRE)
99
We developed an Annotative Database of miRNA Elements or ADmiRE, that provides a 100 rich resource for the interpretation of human miRNA variation (see Methods). ADmiRE 101 6 contains information about the location of the variant in miRNA sequence domains 102 ( Figure 1A ), base-pair conservation scores and based on the work described in this 103 paper, also includes whether a miRNA is constrained in gnomAD and/or conserved 104 across 100 vertebrates. 105 where each sample was sequenced by three of the most commonly used sequencing 123 platforms, namely, high coverage WES (mean depth = 65.7x), high coverage WGS 124 (mean depth >30x) and low coverage WGS (mean depth =7.4x) (see Methods). Not 125 surprisingly, the high coverage WGS platform captured >99% of miRNAs in miRBase 126 v21 at a high read depth (>30X) while WES captured about ~54% miRNAs with read 127 depth greater than 15X (Supp. Fig. 1 ). We provide ADmiRE analysis of human miRNA 128 variation in the publicly available population datasets 1000G and UK10K which are 129 available in Supplementary Data. In the following sections of this paper, we describe 130 miRNA variation analysis of the large ExAC and gnomAD datasets. 131 variants. We found that the additional 3,875 variants detected by ADmiRE were most 142 frequently annotated by VEP as 'non_coding_transcript_exon_variant' (50%), the 143 category describing all non-coding RNAs including precursor miRNA domains, and 144 9 'intron_variant' (29%) ( Figure 3B ). Overall, VEP prioritizes the annotation for intronic 145 protein-coding domains over mature miRNA and other non-coding RNA domains. 146
ADmiRE uncovers additional miRNA variation in existing datasets
Figure 3 Evaluation of efficiency to detect mature miRNA variants by ADmiRE and VEP by re-annotation of
ExAC variants
A. No. of mature miRNA variants annotated by ADmiRE (light gray) compared to VEP (hatched) annotations. B.
VEP (hatched) 'most damaging' consequence categories for all mature miRNA variants detected by ADmiRE (light gray) from ExAC dataset.
147
Pattern of variation in microRNAs in the gnomAD dataset
148
To develop a comprehensive landscape of miRNA variation, we applied ADmiRE 149 workflow to the publicly available high-quality datasets of gnomAD-WGS and gnomAD-150 10 WES subsets for the re-annotation of variants within miRNA regions. The gnomAD-151 WGS dataset contains 11,757 precursor miRNA variants including the mature and seed 152 domains and an additional 29,920 variants in the primary miRNA transcripts outside of 153 the precursor hairpin regions (Table 1) . We provide the complete list of annotated 154 miRNA variants in the Supplementary Data. 155 156
We compared the minor allele frequency distribution of precursor miRNAs with the 157 exonic, intronic, and intergenic regions and found miRNA variation resembles exonic 158 variation and is significantly different than the intronic and intergenic variation (Mann-159 Whitney adjusted p-value <10 16 ) ( Figure 4A ). We also observed that minor allele 160 frequency distribution for miRNA variation is consistent with previously reported patterns 161 for other types of variation including exonic variation with singletons representing over 162 50% of miRNA variants called by ADmiRE ( Figure 4B Interestingly, we found that variant distribution of intergenic miRNAs was similar to that 170 of intragenic fraction across precursor stem-loop domains however it was significantly 171 different across the shorter mature domains likely driven by fewer mature domain 12 variants in intergenic miRNAs (Mann-Whitney U test p-value <0.0001) ( Figure 4C ). We 173 also find that the majority of mature miRNAs contain 1-2 variants in gnomAD, with a few 174 outlier miRNAs accumulating very high sequence variation. Moreover, the 'high 175 confidence' miRNAs are found to contain fewer variants compared to the remaining 176 miRNAs ( Figure 4D ). 177 178 Sequences encoding domains essential for protein function are often intolerant to 179 damaging sequence variation (Worth et al. 2009 ). There is a relative lack of such well-180 defined domains for the noncoding genome. However, for miRNAs, the seed and 181 mature domains are the critical sequence domains for target gene recognition in 182 miRNA-mediated regulation similar to critical protein domains. As expected, we 183 observed that mature and seed domains contain significantly less variation than rest of 184 the precursor domains and the flanking 100 bp primary domains in both the gnomAD-185 WGS and gnomAD-WES datasets ( Figure 5A ). Further assessment of the minor allele 186 frequency distribution between high confidence and the remaining miRNAs 187 demonstrates a significant difference in this distribution across all precursor domains 188 with the distribution shifting towards rare variation in high confidence miRNAs Whitney test p-value <0.001) ( Figure 5B ). We provide the first detailed landscape of 190 miRNA variation across miRNA domains, position relative to gene regions and 191 expression (as defined by a confidence score) from a large human population dataset. 192
Overall, we observed that miRNA regions are under sequence constraint that is 193 comparable to the protein domains in exonic regions independent of their surrounding 194 13 genomic context, and the 'high confidence' miRNAs exhibit less variability compared to 195 the remaining fraction. 196 We further examined which miRNAs are intolerant to sequence variation in the mature 201 and seed miRNA domains in existing datasets. As most miRNAs have a short and 202 uniform length of the mature domain (18-25 bp) we adopted a simple definition of a 203 constraint. We first identified the 335 miRNAs that did not contain any mature domain 204 variants in the gnomAD-WGS dataset (n=15,496) ( Figure 4D ). Further, we eliminated 205 the miRNAs which contained a total of >10 alleles (approx. allele frequency >5*10 6 ) in 206 the gnomAD-WES dataset (n=123,136) resulting in 279 miRNAs highly constrained in 207 humans (Supplementary Data). Gene ontology analysis of the experimentally identified 208 targets for 279 constrained miRNAs showed significant enrichment for many essential 209 cellular pathways such as regulation of apoptotic signaling, epithelial cell proliferation, 210 cell motility and cellular migration (p-value < 10 -27 -see Methods) (Supp. Table 2) . 211
212
In contrast, we also evaluated the 45 miRNAs with greater than 4 seed domain variants 213 depicting increased levels of variation, for example, miR-6087 with 18 mature domain 214 variants and 12 seed domain variants. Some of these miRNAs may be artifacts of the 215 miRNA detection tools so we assessed the putative biological impact of 15 seed domain 216 SNVs from a curated list of 7 'high-confidence' miRNAs (Supp . Table 3 ). We analyzed a 217 common polymorphism from this list, miR-4707;rs2273626;G>U (MAF=40%) by gene 218 ontology analysis using miRmut2Go webtool (Bhattacharya and Cui 2015). This 219 algorithm predicts downstream targets for each of the alleles using TargetScan and 220 miRanda tools, performs a gene ontology analysis for biological pathways and 221 estimates the correlation of target pathways between the two alleles. This analysis 222 suggested that this common polymorphism (rs2273626) was predicted to change >50% 223 of the original targets of miR-4707 and generated a similar number of novel downstream 224 target sites including many genes in the cellular signaling and cell communication 225 pathways. Overall, we describe the frequency and distribution of sequence variation 226 across all human miRNAs in the gnomAD dataset which allows us to identify highly 227 constrained and highly variable miRNAs. 228
Analysis of miRNA sequence conservation across 100 vertebrates
229
It is expected that a thorough understanding of the evolutionary conservation of miRNA 230 sequences will further aid the evaluation of miRNA variation. We examined all human 231 miRNAs using conservation scores generated by phyloP and phastCons scoring 232 algorithms across 100 vertebrates. We divided the precursor miRNAs into groups, 233 miRNAs with both 5' and 3' mature domains (n=931) and miRNAs with only one mature 234 domain (n=946) and analyzed domain-wise sequence conservation of precursor 235 miRNAs. We then performed hierarchical clustering of domain-wise conservation scores 236 for each of these groups and identified 331 two-domain ( Figure 6 ) and 103 single-237 domain (Supp. Fig. 2 ) conserved miRNAs based on top two clusters from the heatmap 238 (Supplementary Data). Independently, we identified a similar proportion of conserved 239 miRNAs (36% of 2,585) through the analysis of just the mature domains (Supp. Fig. 3 ). 240 241 16
Figure 6 Heatmap of phyloP and phastCons 100way vertebrate conservation scores across precursor domains of miRNAs phyloP and phastCons scores are centered and z-scaled across the precursor domains for each miRNA for which both the 5' and 3' mature domains are annotated by miRBase (931 miRNAs). On the left, hierarchical clustering of conservation across phyloP and phastCons scores for each miRNA. Each miRNA is annotated for whether it is a constrained miRNA (black) in human population dataset gnomAD, or not (grey). Each miRNA is also annotated whether it is a 'high confidence' miRNA (green) or otherwise (red). # -high homology in the 3' precursor domain is
the result of miRNAs that are immediately adjacent to coding exons.
242
As before, we confirm that the genomic context of intragenic and intergenic miRNAs 243 does not confound the conservation of miRNAs as noted by non-significant difference in 244 conservation scores for the two groups (Mann-Whitney U test, p-value = 0.23) (Supp. 245 Fig. 4 ). However, we found a significant enrichment of the 279 constrained miRNAs in 246 the conserved group of 434 miRNAs with an overlap of 65 miRNAs between the two 247 groups (Chi-square p <0.0001). 248 249 High confidence' miRNAs were also highly enriched in the group of highly conserved 250 miRNAs (Chi-square p <0.0001). As described earlier, the 'high confidence' annotations 251 were adopted to distinguish 'real' miRNAs from the non-miRNA reads detected by deep 252 sequencing studies (Kozomara and Griffiths-Jones 2014). However, we also find that a 253 few of the highly conserved miRNAs do not classify as 'high confidence' miRNAs. We 254 investigated the expression of these non-high confidence yet highly conserved miRNAs 255 across human tissues using miRmine database (Panwar et al. 2017) . A few of the 256 conserved miRNAs such as miR-21 and miR-124 indeed had a very low endogenous 257 expression across all human tissues (Supp. Fig. 6A, 6B) . A second group of miRNAs 258 appear to be misclassified, for example, the non-high confidence miRNAs, let-7c and 259 let-7i of the let-7 family exhibit high expression across all tissues, like that of the other 260 'high confidence' members of the let-7 family. (Supp. Fig. 6C, 6D ). miRNAs such as 261 miR-214 and miR-216 present an interesting case as these miRNAs are expressed at 262 high levels in certain tissues while showing no expression in the remaining tissues. This 263 tissue-specific expression can also be a possible cause of these miRNAs being 264 misclassified (Supp. Fig. 6E, 6F ). In conclusion, we have identified a group of highly 265 conserved miRNAs across evolution that can be utilized for prioritizing the biological 266 impact of miRNA variation. Further, we have shown a strong association of miRNAs 267 18 with high expression in human tissues and conservation across vertebrates thus further 268 providing a measure for predicting biological impact. Thus, three features of miRNA 269 sequence (1) sequence constraint in human population datasets, (2) evolutionary 270 conservation, and (3) 'high confidence' expression annotations are expected to further 271 aid the interpretation of miRNA variation and expression patterns in disease datasets. 272
Discussion
273
In this study, we have developed a dedicated miRNA variant annotation tool, ADmiRE, 274 that both improves calling of miRNA sequence variants from VCF and BAM files and 275 provides extensive miRNA and variant annotations developed here from the analysis of 276 the large gnomAD population dataset and sequence conservation across evolution. 277
ADmiRE can be accessed for calling miRNA variants from BAM files or re-annotation of 278 existing set of variants in a number of ways (see Data Access). Using ADmiRE, we 279
have identified approximately twice as many miRNA variants compared to a commonly 280 used variant annotator, VEP, and show that VEP often prioritizes the protein-coding 281 context (including introns) over miRNA context. We believe the use of ADmiRE 282 workflow as an adjunct to existing annotation workflows will improve the detection of 283 functional miRNA variation. To support this use, we have added the utility to use 284 ADmiRE as a custom database to the VEP annotation tool. Not surprisingly, our 285 analyses demonstrate that high coverage WGS is the ideal approach to 286 comprehensively capture miRNA variation. However, given the large number of 287 research and clinical WES efforts, we note that current exome capture platforms appear 288 19 to capture approximately 50% of miRNAs in miRBase v.21 and these capture designs 289 should be updated to improve evaluation of miRNA variation through WES analysis. 290
291
We evaluated the landscape of miRNA variation in 1,879 miRNAs (miRBase v21) from 292 gnomAD, a publicly available collection of variation from high-quality 15,496 WGS and 293 123,136 WES samples as well as the smaller 1000G and UK10K projects. The pattern 294 of sequence variation in miRNAs (SNP density and domain-level constraints) is very 295 similar to that reported for protein coding exons. This was true for miRNAs found in 296 intragenic regions and intergenic regions. In fact, intergenic miRNAs harbor fewer 297 variants compared to the intragenic miRNAs and contain higher proportion of singleton 298 variants. Thus, the properties of miRNAs described here are independent of proximity to 299 protein-coding genes. We determined the per basepair variation across miRNAs 300 domains and show that the seed and mature domains harbor much less variation 301 compared to the rest of miRNA transcript. Domain level constraints are currently used 302 by most existing tools for the prediction of biological impact of protein coding variants 303 and the data provided here should improve these predictions for miRNA variation as 304 prior efforts for non-coding RNAs have been challenging (Worth et al. 2009 ). 305 306 Identification of damaging variants in genes that are under constraint against loss of 307 function variation facilitates the discovery of causal genetic loci for many rare Mendelian 308 disorders (MacArthur et al. 2012). We have used the gnomAD datasets to generate a 309 similar list of 279 constrained miRNAs. Variants in these constrained miRNAs are 310 expected to have greater biological impact. We verified this in part by performing a gene 311 20 ontology analysis of the experimentally identified targets of constrained miRNAs to find 312 enrichment of cell proliferation, cell-cycle and cellular signaling pathways among others 313 (Supp . Table 2) and Carrington 2007). However, there has not been a comprehensive evaluation of 320 miRNA sequence conservation. In this study, we have determined that only 40% of 321 human miRNAs (n=435 precursor, 920 mature) are highly conserved across 100 322 vertebrates. We further evaluated the overlap of constrained and conserved miRNAs 323 with known disease mechanisms. We used KEGG pathway 'MicroRNAs in Cancer' to 324 assess the proportion of miRNAs that are known to cause human diseases, such as 325 cancer (Supp. Fig. 5 ). Interestingly, 145 of 150 miRNAs implicated across 10 types of 326 cancer are highly conserved and 47 of these miRNAs are highly constrained for 327 sequence variation (Table 2) . 328 
329
Somewhat surprisingly, 60% of human miRNAs (including some that are constrained to 330 variation) are not highly conserved across 100 vertebrates indicating their relatively 331 younger evolutionary origin. Similar trend of evolutionary conservation is also observed 332 in other multi-species comparisons across placental mammals and primates (Supp. Fig.  333 8). We noticed higher phyloP scores for primate-only alignments compared to those 334 across 100 vertebrates, however, we did not observe many new conserved miRNAs 335 within primates. Previously, researchers have shown that human-specific miRNAs are 336 responsible for specialized human brain development (Arcila et al. 2014) and that co-337 evolution of primate-specific miRNA-mRNA networks contributes to the increased 338 primate cortex computational abilities (Londin et al. 2015) . 339
340
In this study, we provide a detailed evaluation of the 'high confidence' annotations 341 provided by miRBase (v21) catalogue of miRNAs. The purpose of these annotations is 342 to distinguish bona fide miRNAs from putative misannotation of miRNA sequences by 343 22 utilizing the deep sequencing RNA evidence supporting each miRNA. However, 344 currently only 15% of miRNAs are classified as bona fide 'high confidence' miRNAs. We 345 found that 'high confidence' miRNAs exhibit a higher sequence constraint in gnomAD 346 dataset and are enriched in cluster of miRNAs conserved across 100 vertebrates. 347
Interestingly, many constrained and conserved miRNAs lack the 'high confidence' 348 annotations and many recent expression studies indicate their tissue-specific 349 expression patterns. In this first detailed analysis of 'high confidence' miRNAs, we 350 indicate the advantages and limitations of these annotations for the purpose of miRNA 351 variant interpretation and suggest the need for ongoing updating of this group of 352 miRNAs. 353 
MicroRNA Annotation Resources
391
We obtained the precursor stem-loop (1,881) and mature (2,815) miRNA coordinates 392 (assembly GRCh38) for all human miRNAs from miRBase v21 and converted them to 393 GRCh37 build using UCSC LiftOver tool (Kozomara and Griffiths-Jones 2014). Missing 394 information between the two assemblies resulted in the final list of 1,878 precursor, and 395 2,785 mature miRNAs. We defined miRNA sequence domains as primary (100bp 396 flanking the precursor), precursor, 5' and 3' mature, seed region, loop, and pre-5' and 397 pre-3' flanking sequences ( Figure 1A) . We also retrieved a list of 295 'high confidence' 398 miRNAs from miRBase v21 defined by the following criteria (a) miRNAs with at least 10 399 reads mapping to each mature domain from RNA sequencing analyses, or (b) miRNAs 400 25 with least 5 reads mapping to each mature domain and at least 100 reads mapping the 401 entire precursor domain ( Figure 1B 
